Mutations that cause an increased level of expression of the histidine transport operon were isolated and characterized genetically. Five independently isolated promoter-up mutations were transferred to an M13 hybrid phage that carries the histidine transport operon, and their nucleotide sequences were determined. For all five mutations, the change was the same as the one previously determined for promoter-up mutation dhuAI: a C-to-T change in the Pribnow box rendered this region more homologous to the consensus sequence. Methods for enabling Salmonella typhimunium to support growth of M13 phage effectively and for easy transfer of chromosomal mutations onto the hybrid phage are presented.
The high-affinity transport system for histidine in Salmonella typhimurium is composed offour proteins coded for by four genes that form an operon located at 47 min on the recalibrated map of S. typhimurium (1) (Fig. 1) . A DNA fragment containing this operon has been cloned (2) , and its entire nucleotide sequence has been determined (11) . The regulatory region for this operon, dhuA, has been defined genetically by mutations that either raise or lower the level of expression of the operon. Deletions that remove this site do not express of the operon unless the deletion places the residual genes under control of a neighboring promoter, such as argTr (9, 27) . Relatively little is known about the regulation of expression of amino acid transport systems. Attenuation of transcription is an important mechanism for regulation of several amino acid biosynthesis operons (13) and has been implicated as a possible regulation mechanism for a branched-chain amino acid transport system (17) . However, analysis of the dhuA sequence strongly suggests that attenuation of transcription is not the mechanism by which the histidine transport operon is regulated since this sequence does not present any of the features typical of the regulatory regions of the amino acid biosynthetic operons (10) . The histidine transport operon is controlled independently from the histidine biosynthesis operon (Ferro-Luzzi Ames, unpublished data). Its expression is under nitrogen control, being positively regulated together with several other cell proteins involved in the utilization and transport of nitrogencontaining compounds, by nitrogen availability (15, 27) . Several interesting features of the nucleotide sequence were singled out as possibly being involved in regulation of the operon (10) . Recently, we constructed a variety of Mu dl(Apr lac) operon fusions, which allowed us to analyze the response of this promoter to several environmental stimuli. Thus, we confirmed that dhuA is under nitrogen regulation (27) The present report describes the isolation of a number of promoter-up mutants and the nucleotide sequences of these mutations. We also describe the in vitro and in vivo construction of a number of M13 hybrid phage derivatives that carry the entire transport operon, a variety of transport mutants, and a method for rapidly transferring the chromosomal promoter-up and other mutations to a hybrid phage for sequencing purposes. In addition, these hybrid phages constitute a set which can be used for picking up any mutation in the transport operon for which there is no positive selection.
MATERIALS AND METHODS The bacterial and phage strains used or constructed are shown in Table 1 . The media used have been described previously (23 DNA transformation in S. typhimurium. Transformation was performed as described previously (18); however, contrary to the previous report, we were unable to achieve efficient transformation (between 105 and 106 transformants per p.g of DNA) unless a galE mutation was present. In addition, in the hope of improving transformability even more, we constructed deep-rough mutants, but these resulted in a loss of transformability for unknown reasons. A galE mutation can be introduced into any Salmonella strain by transduction with P22 phage prepared on strain TA3425, which carries galE503 and the linked TnJO insertion bio-203::TnJO, and by selection for tetracycline resistance (25 pg/ml) on a tetrazolium-galactose-tetracycline plate (20) . galE strains appear as red colonies on these plates. It (12) . Thus, it should be possible to separate these smaller phages by size (4) by using live-phage electrophoresis on an agarose gel. Figure 2 shows the results of a separation performed on phage cultured on cells grown in rich medium, i.e., without selective pressure to retain the transport operon. Similar results, although with different proportions among the various phages, were obtained also from phage grown on cells under selective pressure (minimal medium with D-histidine as the histidine source). Two classes of plaques could be differentiated, roughly grouped as large and small (Fig. 2) . The large plaques were presumably caused by either M13mp2 arising by loss of the entire cloned material or by derivatives of it carrying much smaller fragments of the cloned DNA. Large plaque-yielding phages were most abundant in section 5, which is the region to where M13mp2 migrated, and, upon testing, did not impart DHU ability to strain TA3546 (see legend to Fig. 2 ). The bulk of the small plaque-yielding phages was found in section 3, where MAl migrated. The class of interest is the one that imparted DHU and migrated to sections 4 and 5, which presumably included phages smaller than MAl. Section 4 had a higher ratio of DHU phage to PFU than did section 3, possibly an indication of the increased stability of smaller DHU phages as compared with MAl. Thirty-six DHU colonies infected with phage originating from sections 3 to 5 from several experiments were purified once on D-histidine, and the size of phage DNA present in these single colonies was determined. Five colonies yielded DNA that was clearly smaller than MAl DNA. By repeated subculture and electrophoresis, the following independent derivatives were obtained and characterized by restriction mapping (Fig. 3) : MA2, MA4, MA5, MA6, and MA8. MA6 seems to be identical to MA4, although each certainly arose independently. Several additional, apparently identical phages were discarded because their independent origins could not be established. However, this might indicate the existence of favorite sites for deletion ends. Figure 3 shows the genealogy of these phages and the physical map of their DNAs. Because these phages were screened for and grown under selective pressure to maintain the transport genes, all contained an intact histidine transport operon. Transfer of deletion mutations to hybrid phage. To transfer promoter-up and other interesting transport mutations onto the phage for sequencing purposes, it was necessary to have an initial collection of transport-negative mutations to be used for infecting complementary mutants of interest, thus allowing their transfer onto the phage by recombination during growth under selective conditions. The method devised, similar to the one described by Bossi and Roth (6) , requires the initial presence on the phage of a nonreverting mutation. An in vitro deletion [A(hisJQ)67611 was constructed in phage MA4 by digestion with HindlIl endonuclease (which removes a 0.75-kb fragment of DNA), followed by recircularization with T4 DNA ligase. The DNA was then introduced into a galE derivative (TA3600) by transformation ( Table 1) . The phage obtained, named MA10, was used to build several deletion mutant recombinants in vivo using well-characterized operon deletions. Phage MA10 was used to infect male strains, each of which carried a deletion of interest and which selected for complementation to DHU ability. In each case, phage produced from several DHU colonies was tested for its ability to complement two different strains to DHU ability: (i) the initial deletion recipient strain and (ii) strain TA3592 (AhisJ6776). Only phages able to complement AhisJ6776 (MA10 cannot), but not the initial deletion recipient strain, carried the desired mutation. These were purified by single-plaque isolation and culturing on TA3546. When the deletion to be transferred did not complement MA10, the first step involved infection and growth on nonselective rich medium. The rare recombinant phages carrying the desired deletion were selected by their ability to complement an appropriately chosen chromosomal deletion that MA10 cannot complement; e.g., the recombination of AhisJ8909 into MA10 (to create MA16) was screened for by complementation of AhisQ6711, which the original MA10 cannot complement. Deletions AhisJ6776, AhisJ8909, AhisQ6711, AhisM6713, and AhisP8963 were thus transferred to MA10 (Fig. 1) . Each of the mutations transferred to MA10 was rechecked by mapping by standard techniques and named (Table 1) . These phages constitute a set that can now be used as the starting material for picking up any mutation in the operon. They were used for picking up dhuA mutations as shown below. They were also used for picking up and sequencing an interesting class of hisM mutations, the "odd group" (1; Payne and Ames, unpublished data).
Selection and sequence of promoter-up mutations. Promoter-up mutants were selected on the basis of the improved utilization of D-histidine, the transport of which through the histidine transport system is the limiting step in its utiliza- (14) . One of these classes maps in the promoter region of the transport operon. One such mutation, dhuAl, has been previously isolated and extensively used (1, 19 (16) , which result in a simulation of poor nitrogen availability ahd elevation of the transport system. Thus, a total of six independently isolated promoter-up mutations were analyzed in preparation for sequencing. Each of the five newly isolated dhuA mutants was rendered male, infected with MA16, and cultured in nutrient broth. Phage MA16 carries AhisJ8909, which extends left past the beginning of hisJ and therefore ends within dhuA (Fig. 1) . This phage can be used for picking up promoter-up mutations by recombination from the chromosome selecting for DHU. The closeness of the left end of AhisJ8909 to the promoter guarantees a very high cotransfer of the promoter-up mutations in dhuA together with the needed wild-type portion of hisJ.
The phage produced was used to select for DHU colonies by infection of strain TA3546, which lacks the entire transport operon. Only phages which have lost the AhisJ8909 character, thus simultaneously acquiring the promoter mutation, allow DHU. The phages thus obtained were checked genetically for the presence of the promoter mutatioh, purified, and used for producing single-stranded template DNA after being cultured on strain TA3546 in nutrient broth. The dhuA region was sequenced by the chain termination method (24) by using as a primer a 136-base-pair TaqI fragment of DNA (base pairs -263 to -127) located 5' to the promoter region (10) . In all five cases the mutation was determined to be a change at nucleotide -60 from C to T (Fig. 4) . In addition, this change is identical to the one previously determined for dhuAl (10) . DISCUSSION A total of six promoter-up mutations have been shown to be identical, i.e., a change from a presumed Pribnow box with poor homology with the consensus sequence to one with better homology, CACGAT to TACGAT. This region has been defined previously as the Pribnow box of the dhuA promoter based on the location of the dhuAl promoter-up (10) . The change at nucleotide -60 fromn C to T has been found in all of the mutations sequenced. mutation and the existence of an appropriately spaced -35 region with reasonable homology to the consensus sequence. In support of this, the existence of an mRNA originating at an adenine 7 bases downstream from the 3' end of this Pribnow box has been established in a dhuA+ strain growing in excess nitrogen (G. Ferro-Luzzi Ames and K. Nikaido, unpublished data). Interestingly, the sequences of several promoters known to be under nitrogen regulation in Klebsiella pneumoniae also have a very poor homology with the consensus sequence (5); this may be a characteristic of these promoters. We have evidence that the Klebsiella nifA gene product can replace the ntrC gene product in the activation df argTR, a nitrogen-regulated promoter closely related to dhuA (B. Jaskot, M. Stern, and G. F.-L. Ames, unpublished data). Thus, a comparison between the Klebsiella and Salmonella promoter structures is significant.
The repeated isolation of the same regulatory site mutation is not unique to this system. For example, such has been the case for mutations in the control regions of the biotin divergent operons (3), of the tryptophan operon (21) , and of the Prm promoter of bacteriophage K (22) . The identity of the six dhuA mutations is perhaps not surprising, considering that the homology of the wild-type dhuA Pribnow box to the consensus sequence is quite poor and that the same selective pressure had been applied to yield the six mutations, although we expected to identify mutations in all three positions which do not match the consensus sequence. It is possible that we are only selecting the best-growing type of promoter mutant against a background of a large number of other types of DHU mutants that escaped our screening procedure. It should be noted that the observed change was responsible for about a 10-fold increase in the level of ex4ression of the operon. Possibly, the other postulated changes yield lesser increases, thus not being effective in DHU. In this regard, it may be important that the level of the membrane-bound components in dhuAl strains is critical for expression of DHU; a 50% decrease is enough to cause a large decrease in growth rate on D-histidine (26) . The level of expression of the hisJ gene in the promoter-up mutations that we isolated was quite high, with the J protein becoming one of the major components of the cell (ca. 0.3% of the total cell protein). This is interesting in view of the fact that the mutated Pribnow box still did not display a very good homology with the consensus (4 out of 6 bases are identical).
We had expected that among the promoter mutants with elevated expression of the transport operon some would affect the ability of the promoter to respond to nitrogen regulation if the basal wild-type level of expression is mostly maintained by repression caused by the ammonia in the medium. We did not find this among the DHU mutants. It appears that it is necessary to develop alternative modes of selection for such promoter mutants since the appearance of repetitious dhuAI-type mutations and of numerous duplication mutations may be masking the rarer types involved in nitrogen regulation. The methods we presented which allow the transfer of chromosomal mutations to M13 hybrid derivatives and efficient reproduction of M13 in S. typhitnurium should greatly simplify the systematic analysis of additional mutations and be useful for similar studies in other systems.
